An eddy covariance technique was used to measure the gross primary productivity (GPP), evapotranspiration (ET), and water use efficiency (WUE) during the 2011 -2014 period over a moso bamboo forest at a site in Anji (AJ), China. WUE declined during the severe summer drought of 2013 when the vapor pressure deficit (VPD) was above 15 hPa, and was significantly higher than the average value. At AJ the average annual GPP, ET, and WUE were 1522 ± 73 C m -2 year -1 , 693 ± 41 kg H 2 O m -2 year -1 , and 2.21 ± 0.23 g C kg -1 H 2 O, respectively. GPP and ET were closely correlated at AJ, with R 2 equal to 0.64. The monthly GPP and ET showed strong positive linear, exponential or quadratic polynomial correlations to meteorological variables, including air temperature (Ta), net radiation (Rn), and VPD. WUE was negatively correlated to VPD, with 36.3% of the variation in WUE explained by VPD. This study contributes to the understanding of the carbon and water cycle response mechanisms in forest ecosystems in the climate change context and is significant in relation to forest carbon sequestration management.
IntRoDUCtIon
The establishment of tree plantations is a potential approach to reducing atmospheric carbon dioxide concentrations to mitigate climate change (Cai et al. 2011; ). However, carbon storage gains correspond to an amount of water loss. Carbon and water cycles are closely related in the terrestrial ecosystem because the exchange of carbon dioxide and water vapor between the biosphere and atmosphere are both controlled by stomata (Beer et al. 2009 ). Water use efficiency (WUE), the ratio of gross primary productivity (GPP) to evapotranspiration (ET), can be used to quantify this coupling relationship (Yu et al. 2004; Tang et al. 2014; Wang et al. 2015; Zhu et al. 2015) . A better understanding of WUE will provide an alternative approach for carbon budget assessment (Beer et al. 2007 (Beer et al. , 2010 . Meanwhile, understanding the GPP, ET, WUE characteristics, and their relationship with related environmental factors can greatly enhance our knowledge of their control processes as well as the ability to predict how climate change may affect the carbon and water budgets Hu et al. 2008) .
Eddy-covariance (EC) flux tower networks with their associated meteorological measurements have provided an opportunity to quantify ET, GPP, and WUE across a wide range of forest ecosystems, including Mediterranean evergreen forest (Reichstein et al. 2002) , temperate broadleaved Korean pine mixed forest Zhu et al. 2014) , Douglas-fir stand (Ponton et al. 2006; Jassal et al. 2009 ), warm-temperate mixed plantation (Tong et al. 2014) , and boreal forests (Ge et al. 2014; Kotani et al. 2014 ). To our knowledge, the ET, GPP, and WUE characteristics of bamboo forests are scarce in the literature.
Bamboo stands are one of the important forest types of the world and are distributed in the tropical, subtropical, and warm temperate regions (Lu et al. 2014) . In China, bamboo stands account for 4.99 million hectares, which is 2.5% of the total forest area of China and 39% of the world bamboo forest area (SFAPRC 2005) . From the late 1970s to early this century, the area of bamboo stands in China has experienced a surge of 51.40% (Chen et al. 2009 ). According to the statistical data obtained from a previous National Forestry Inventory, about 98% of all bamboo stands are distributed in southern China. Among the total area, Fujian, Jiangxi, and Zhejiang provinces account for half of these stands.
The carbon and water flux EC measurements were conducted in a moso bamboo forest. Previous studies have shown that the moso bamboo forest has strong capacity for storing carbon (Zhou and Jiang 2004) . However, comprehensive studies on the relationship between carbon gain and water loss and their climatic controls at the ecosystem scale are lacking.
The objective of this paper is: (1) to characterize the seasonal and inter-annual pattern of GPP, ET, and WUE of a bamboo forest in the Yangtze River Delta region, China to better understand the relationship between carbon gain and water loss; (2) investigate the environmental variable effects on GPP, ET, and WUE.
MAtERIAls AnD MEthoDs

site Description
Experimental data were observed at the Anji (AJ) site, China. AJ is located at 30°28'N, 119°40'E. The AJ elevation is 380 m. AJ sites experience a subtropical monsoon climate. The mean annual precipitation at AJ is 1270 mm, the annual mean temperature is 16.6°C and the soil type is yellow loam. The height and diameter at breast height of moso bamboo are 13 -20 m and 12 -18 cm, respectively.
Field Measurements
Field measurements were conducted from 2011 -2014. Carbon and water fluxes were both measured with EC systems consisting of open-path infrared gas analyzers (Li-7500; Licor Inc., Lincoln, NB, USA) and a 3-D sonic anemometer (CSAT3; Campbell Scientific Inc., Logan, UT, USA). The EC systems were mounted 38 m above ground at AJ. A data logger (CR1000; Campbell Scientific Inc., Logan, UT, USA) recorded the EC signals at 10 Hz for archiving and on-line turbulence statistics computation.
Routine meteorological variables were measured simultaneously with the eddy fluxes. Air humidity and air temperature were measured with probes (HMP45C, Vaisala, Helsinki, Finland) at different heights. They were installed at 1, 7, and 38 m. Net radiation was recorded with a radiometer (CNR4, Kipp & Zonen) at a height of 38 m. Soil temperature was monitored using thermocouple probes (109, Campbell Scientific Inc., Logan, UT, USA). Soil water content was measured using water content reflectometers (CS616, Campbell Scientific Inc., Logan, UT, USA). These instruments were mounted at depths of 0.05, 0.5, and 1 m. All of these apparatuses were controlled with a data logger (CR1000; Campbell Scientific Inc., Logan, UT, USA). The data output was 30-min mean data. The monthly meteorological factor value was computed by block averaging over 30 min.
Data Processing and the Calculation of WUE
2-D coordination rotation (McMillen 1988 ) and WebbPearman-Leuning (WPL) correction (Webb et al. 1980) were applied to obtain half-hourly mean water vapor and CO 2 fluxes. All abnormal data, caused by instrument malfunctions and weather effects, such as rain and dew, were deleted. Missing data of less than 2 hours were filled using linear interpolation. Large gaps (more than 2 hours) were filled using the mean diurnal variation method (Falge et al. 2001 ). The monthly value of both fluxes was integrated from the half-hourly data.
The WUE was calculated as:
Where ET was obtained directly using the EC technique. GPP was calculated as
Where the net ecosystem carbon dioxide exchange (NEE) was measured directly using the EC technique. Ecosystem respiration (RE) during the nighttime was equal to NEE in magnitude, while RE during the daytime was extrapolated from the nighttime equation and daytime soil temperature to a depth of 5 cm (Reichstein et al. 2005; Lasslop et al. 2010 ).
statistical Analysis
The GPP, ET, and WUE relationships with their climatic variables, including net radiation (Rn), air temperature (Ta), and vapor pressure deficit (VPD) were evaluated using the best curve-fitting model with the highest determination coefficient. The relationship between GPP, ET, and climatic variables were fitted with linear, exponential growth or quadratic polynomial equations, while the relationship between WUE and VPD was fitted with linear equations.
REsUlts
Environment Conditions
The seasonal variations in climatic variables are shown in Fig. 1 . In general, the net radiation value increased gradually from January to May, but there was a decline in June. The decline in net radiation in June was likely due to the specific weather conditions. Generally, it was persistently overcast with rain in June in this region. Net radiation reached its maximum in July, after which the net radiation value declined gradually. However, the seasonal variation in Rn in 2014 was different from the preceding 3 years. In 2014 the seasonal variation in Rn showed a unimodal pattern, with its maximum peak in July. The seasonal variation in air temperature showed a unimodal pattern, with its maximum occurring in July. It is noteworthy that the monthly VPD was significantly higher in July and August 2013, with values exceeding 15 hPa. The high VPD values were in synchronicity with the summer drought that occurred at this site. Without sufficient water supply the soil water content inevitably dropped. in July (Fig. 2) . However, the seasonal variation in WUE was more complicated and did not show any pattern. It should be noted that in 2013 the AJ site experienced a summer drought. The monthly mean VPD was over 15 hPa in both July and August and was significantly higher than normal. However, GPP did not drop immediately with the drought. The GPP value showed a pronounced decrease in the following month. Different from GPP, ET had a rapid response to the summer drought. The ET value went up to over 105 mm month -1
seasonal and
. Meanwhile, monthly WUE obtained its minimum of 1.27 g C kg -1 H 2 O. On an annual scale, the GPP minimum and ET maximum both occurred in 2013 (Table 1) .
Coupling Between GPP and Et
Strong correlations between monthly GPP and ET were found across various biome types (Law et al. 2002; Yu et al. 2008; Brümmer et al. 2012 ). When we examined the relationship between GPP and ET the values that occurred in July and August 2013 were excluded because the environmental (a) (b) (c) Fig. 2 . The seasonal variation of (a) monthly gross primary productivity (GPP), (b) monthly evapotranspiration (ET), and (c) monthly water use efficiency (WUE) at Anji. conditions in those months were significantly different from other periods (Fig. 1) . GPP and ET were closely correlated with R 2 of 0.642 (Fig. 3) .
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Meteorological Factor Effects on GPP and Et
Previous studies have shown that GPP and ET were both influenced by climatic variables (Tong et al. 2014; Wang et al. 2015) . In this study, the GPP relationships with Ta and Rn were fitted with exponential growth equations, while the relationship between GPP and VPD was fitted with a quadratic polynomial equation. ET increased linearly with an increase in meteorological variables. Compared to GPP, ET was more closely related to environmental factors, with R 2 of ET and environmental factors consistently higher than those of GPP and environmental factors (Fig. 4) . Similar to section 3.3 the values that occurred in July and August 2013 were also excluded when we examined the meteorological factor effects on GPP and ET.
Effect of VPD on WUE
The negative relationship between WUE and VPD is theoretically based (Farquhar and Richards 1984) . In recent decades a large number of researchers have demonstrated that WUE also has a strong negative correlation with VPD on ecosystems (Law et al. 2002; Scanlon and Albertson 2004; Ponton et al. 2006; Song et al. 2006; Zhao et al. 2007; Kuglitsch et al. 2008; Testi et al. 2008; Tong et al. 2009; Yang et al. 2010 ). In the current study as VPD increased, WUE linearly decreased, with 36.3% of the variation in WUE explained by VPD (Fig. 5) . It should be noted that the WUE and VPD values that occurred in the winter (January, February, and December) were rejected because plants are inactive in winter. Table 2 lists the comparisons in this study with those reported in other forest ecosystems. The WUE of this bamboo forest was lower than the results for a Mediterranean Eucalyptus plantation (Rodrigues et al. 2011 ) and a subtropical coniferous plantation , but higher than the results for a warm-temperate mixed plantation (Tong et al. 2014 ) and a subtropical evergreen broad-leaved forest ), but were comparable to the result for a white pine ecosystem (Arain and Restrepo-Coupe 2005) .
DIsCUssIon
Comparison of this study with other Forest Ecosystems
Compared with the results of Tong et al. (2014) for a warm-temperate mixed plantation, the carbon and water flux responses to meteorological variables were quite different. This was likely caused by the difference in climate conditions and species composition. This indicates that more studies on the climatic variables effect on carbon and water fluxes need to be conducted across a wide range of ecosystems.
Effect of summer Drought on WUE
With a projected increase in the frequency and severity of droughts in the mid and high latitudes (Thomas et al. 2009 ), more attention has been paid to research into the seasonal drought effect on WUE. Previous studies showed inconsistent results. Vickers et al. (2012) found that the WUE at a mature ponderosa pine forest and a young plantation both increased during the summer drought. In contrast, other studies suggested that WUE decreases in response to summer drought conditions (Reichstein et al. 2002; Kotani et al. 2014; Mi et al. 2014; Zeri et al. 2014) . While the discrepancy in WUE response to drought conditions was likely caused by the drought intensity. The WUE increases when the drought intensity is moderate while it tends to decrease under severe drought conditions (Lu and Zhuang 2010) . This explanation is proven in this study. The WUE declined during the severe summer drought of 2013 when the VPD exceeded 15 hPa, which was significantly higher than the average value. Furthermore, the decrease in WUE during the severe drought was likely due to patchy stomatal closure, changes in photosynthesis physiological capacities, decreases in mesophyll conductance for CO 2 and photoinhibition (Reichstein et al. 2002) . 
Future Work and Prospect
CO 2 and water vapor fluxes were measured by the EC method during the period 2011 -2014 over a moso bamboo forest at AJ. The seasonal and interannual variation in GPP, ET, and WUE for a bamboo forest located in southeastern China was examined and the environmental variable effects on GPP, ET, and WUE were explored. During the study period a summer drought provided us with a good opportunity to explore the summer drought effect on the carbon and water cycles. As the measurement time series was short (only four years available), the effects of other environmental stress on the carbon and water fluxes were not observed, such as spring drought. In Northeast China, Dong et al. (2011) found a reduction in WUE for a meadow steppe ecosystem caused by a severe spring drought. Further studies on the impact of spring drought on WUE for the bamboo forest ecosystem are needed to provide comprehensive studies of the effects of other environmental stresses on carbon and water fluxes. Further studies will improve our understanding of how future climate change will affect the carbon and water cycles of ecosystems. In the present study we estimated GPP, ET, and WUE at the monthly scale. Using a higher resolution, for example, at the minute scale or at the daily scale, will reveal more information about carbon and water cycles. In further studies, our results could be combined with the network EC measurements or remote sensing techniques, which will provide temporal and spatial information about carbon and water cycles.
